I. INTRODUCTION
The development of the integrated optical components based on planar photonic band gap ͑PBG͒ structures, also called photonic crystals ͑PCs͒, has attracted a great deal of attention. 1 The most interesting applications are related to the possibilities of controlling of photons in PCs by introducing artificial defects and by locally disturbing the PBG. In the last few years, main efforts have been concentrated within systematic theoretical studies [2] [3] [4] and experimental investigations [5] [6] [7] [8] [9] of different configurations of waveguides and cavities in PC slabs. Differences in guiding mechanisms between conventional dielectric waveguides and line defects in PCs lead one to expect many unique characteristics and properties of PC waveguides ͑PCWs͒. For example, it has been predicted that photons can be trapped for long periods of time in point-defect cavities or that wavelength-scale sharp bend with PCWs. 10 Another noticeable feature of PCWs is their dispersion characteristics that are also different from those of conventional waveguides. The experimental methods applied until recently for the characterization of the dispersion and propagation loss in PCWs are often based on the decoding of Fabry-Pérot oscillations in transmission spectra. Several groups have extracted the group velocity dispersion from the phase of Fabry-Pérot oscillations, and extremely large dispersion was observed implying that the mode group velocity was reduced down to 1 / 100 of the speed of light in air. 11, 12 The results of direct observations of the optical properties of two-dimensional ͑2D͒ PCWs by using ultrabroadband femtosecond-pulse time-of-flight measurements were also reported. 13 Concerning the dispersion, the surface coupling technique has been applied for direct measurements of the photonic dispersion curves in PCWs. 14, 15 Small group velocity ͑suppressed by two orders of magnitude relative to those in bulk semiconductors͒ were observed in one-dimensional ͑1D͒ patterned AlGaAs waveguides. 15 Quite recently, we have employed a collection scanning near-field optical microscope ͑SNOM͒ for imaging of the propagation of light at telecommunication wavelengths along straight and bent regions of silicon-on-insulator PCWs. 16, 17 High-quality SNOM images were obtained allowing us to directly evaluate the bend loss and characterize the PCW mode confinement. Furthermore, by considering spatial frequencies in light-intensity variations along the PCW we have estimated the propagation constant and determined the dispersion of the PCW mode. In this work, we conduct further SNOM investigations of light propagation in straight PCWs that were fabricated on silicon-on-insulator ͑SOI͒ wafers with two different filling factors exhibiting distinctly different transmission of TE polarization ͑electric field parallel to the sample surface plane͒. Analyzing the SNOM images obtained in the whole wavelength range ͑1500-1630 nm͒ of tunability of our laser system, we determine the wavelength range of PCW guiding for both TE and TM polarizations and directly evaluate the corresponding propagation losses using averaged cross sections of the SNOM images along the PCW axis. By use of qualitative description of image formation in the collection SNOM and comparing the mode propagation constants with the previously obtained results 16, 17 we account for spatial frequency spectra of the intensity variations and determine the dispersion of the PCW mode propagation constant ͑for both polarizations͒ used for the evaluation of the corresponding group velocity. 
II. EXPERIMENTAL ARRANGEMENT
The schematic of the experimental setup is shown in Fig.  1 . It consists of a collection SNOM ͑Ref. 18͒ with an uncoated fiber tip used as a probe and an arrangement for launching tunable ͑1500-1630 nm͒ TM/TE-polarized ͑the electric field is perpendicular/parallel to the sample surface plane͒ radiation into the input ridge waveguide by positioning a tapered-lensed polarization-maintaining single-mode fiber. The adjustment of the in-coupling fiber with respect to the sample facet was accomplished when monitoring the light propagation along the sample surface with help of a far-field microscopic arrangement. 5 Following the fiber adjustment, the intensity distribution near the sample surface is probed with an uncoated sharp fiber tip of the SNOM ͓Fig. 1͑a͔͒. The tip can be scanned along the sample surface at a constant distance of a few nanometers maintained by shear force feedback. Near-field radiation scattered by the tip is partially collected by the fiber itself and propagates in the form of the fiber modes towards the other end of the fiber, where it is detected by a femtowatt InGaAs photoreceiver.
Both samples were fabricated on SOI wafers, consisting of a SiO 2 / Si/ SiO 2 trilayer film ͑cladding/core/buffer thickness ϳ0.1/ 0.3/ 1 m͒ formed on Si substrate. 19 Sample N1 contained a PC area, in which holes were arranged in a triangular array ͑lattice constant ⌳ Х 428 nm, hole diameter Х0.76⌳͒ and single rows of missing holes defined the PCWs along ⌫⌴ direction of the irreducible Brillouin zone of the lattice. The sample contained a central PC area ͑with PCW regions of different lengths͒ connected to tapered access ridge waveguides outside the PC area as it is shown in Fig.  1͑b͒ . Ridge waveguides, gradually tapered from a width of ϳ4 m at the sample facet to ϳ1 m at the PC interface, are used to route the light to and from the PCWs. Sample N2 was similar to N1 but the PCWs were formed in a hole array with ⌳ Х 428 nm and holes diameter Х 0.82⌳. Electron ͑e͒-beam lithography was employed for both samples to produce the hole pattern in a resist layer deposited on a ͑SOI͒ wafer. The patterned resist served as a mask in the process of reactive ion etching ͑RIE͒ resulting in the corresponding pattern of holes formed in the Si layer. After removal of the resist, the pattern was further transferred onto the SiO 2 layer by RIE, using the patterned Si layer as a mask. Finally, samples were thermally oxidized in order to grow a thin SiO 2 layer on top of the Si layer and on the inner walls of the air holes ͑the silica top cladding increases the vertical symmetry of the structures and smoothens out surface roughnesses of the structures͒.
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III. EXPERIMENTAL RESULTS
For both samples, 40-m-long PCW were excited at different wavelengths ranging from 1500 to 1630 nm and two different ͑TE/TM͒ polarizations and imaged with the SNOM. It should be noted that the SNOM images presented here ͑Figs. 2-6͒ are oriented in a way that the light propagates upwards in the vertical direction.
A. Near-field images
Typical topographical and near-field optical images obtained for the PCW ͑sample N1͒ at the wavelength of 1520 nm ͑TM polarization͒ are shown in Fig. 2 . On the topographical image ͓see Fig. 2͑a͔͒ , the input and output ridge waveguides are clearly seen. One can also easily recognize the PBG structure on the topographical image, but the pattern of holes that forms the PCW following by input and output waveguides is not discernible, because the scanning parameters were not optimized with respect to the topographical imaging. The near-field optical image ͓Fig. 2͑b͔͒ exhibits several features appearing also on the images at other wavelengths. The light propagating along the input ridge waveguide and further in the PCW and along the output waveguide is clearly seen, as well as the light scattering at the junctions between the PCW and ridge waveguides. The light scattering at junctions results in scattered field components propagating ͑in air͒ away from the sample surface. These propagating components are detected with the SNOM fiber tip much more efficiently than the evanescent field components, 20 e.g., associated with the PCW and ridge waveguides modes, resulting in the image contrast distortion. 16, 17 It should also be noted that the signal does not go to zero outside the PCW indicating the presence of homogeneous background at the level of ϳ10% compared to the maximum signal.
The features in light propagation along the same straight PCW are more visible in the high-resolution optical images exhibiting spatial periods down to 300 nm ͑Figs. 3 and 4͒. It is seen that the recorded intensity distributions are well confined ͑to the line of missing holes defining the PCW͒ exhibiting wavelength-dependent intensity variations along the propagation direction. For TM polarization, the efficient guiding along the PCW was observed in the whole wavelength range ͑1500-1630 nm͒ of tunability of our laser system ͑Fig. 3͒. The interference fringes along the PCW are well pronounced and indicating the reflection from the waveguide termination. The signal cross sections ͑not shown here͒ made at intensity maxima are close to the Gaussian distributions in shape with the full width at half maximum ͑FWHM͒ increasing from ϳ760 to 788 nm with the increase of the light wavelength. For TE polarization, the efficient guiding was observed in the wavelength range of 1500-1522 nm ͓Figs. 4͑b͒ and 4͑c͔͒. We found drastic changes in the PCW guiding and mode confinement with further increase of the light wavelength by merely 2 nm ͓Fig. 4͑d͔͒. No PCW mode was observed at longer wavelengths ͓Figs. 4͑e͒ and 4͑f͔͒. Such a critical wavelength dependence of the PCW mode characteristics is, in our opinion, a direct consequence of the well-defined PBG effect in the structure.
The SNOM images obtained for the PCW having the filling factor of ϳ0.84 ͑sample N2͒ in the whole laser tunability range exhibit the efficient guiding along PCW in the wavelength range of 1500-1630 nm for TM polarization and 1500-1570 nm for TE polarization ͑Figs. 5 and 6, respectively͒. Within these ranges, the optical image cross sections ͑averaged over a few lines͒ made at intensity maxima demonstrate well-confined mode intensity distributions with the FWHM being ϳ1.1 and 1.75 m, correspondingly for TM and TE polarizations. Similarly to the guiding of TE polarization in the PCW of sample N1, the TE mode disappeared rapidly once the light wavelength increased by 2 nm over the PBG edge ͑from 1570 to 1572 nm͒. The comparison of the results obtained indicates clearly and unambiguously that the long-wavelength edge of the PBG shifts towards the longer wavelengths with the increase of the filling factor.
B. Determination of the propagation loss
Using the SNOM images obtained at different wavelengths ͑Figs. 3-6͒, we have directly determined the propa- Fig. 8 along with the transmission measurements conducted with the same samples ͑using the conventional approach of measuring the transmission spectra for PCWs of different lengths. 19 ͒ This experimental technique is widely used for the characterization of PCW structures and based on usage of optical fibers for coupling the light in and out of the PCWs. In this case, the light source was a broadband light emitting diode ͑LED͒ and the optical spectra for the transmitted light were recorded with a spectral resolution of 10 nm using an optical spectrum analyzer. 21 A direct comparison between the experimental transmission spectra and the data obtained from the corresponding SNOM images ͑Fig. 8͒ shows rather good correspondence in the wavelength ranges of mode guiding as seen from the SNOM images ͑Figs. 4 and 6͒. At the same time, this comparison indicates that the conventional technique of characterization is somewhat misleading as it does not provide a clear evidence of the PCW mode cutoff behavior, showing instead a gradual decrease in the transmission. It is also seen that the transmission measurements tend to overestimate the propagation loss near the PBG edge probably because the coupling between access ridge waveguides and PCWs becomes unstable ͑due to a drastic increase in the FWHM of PCW modes͒. This means in turn that large propagation losses usually reported for the PCW modes close to the PBG edges ͑that are interesting due to high dispersion and low group velocities͒ might be a result of overestimation. It should be borne in mind that the difference in spectral resolution of measurements performed using the tunable laser and LED might also have influenced the transmission curves obtained ͑e.g., by smoothening the transmission curve measured with the LED͒.
C. Dispersion of the mode propagation constant
The SNOM images obtained with high resolution at different light wavelengths for a straight region of the PCWs ͑for samples N1 and N2͒ are shown in Figs. 3-6 . The periodic intensity patterns seen along the propagation direction can be related to the interference between fiber modes excited by the SNOM fiber tip interacting with both evanescent fields and weak optical fields forming a quasihomogeneous background. 16 All these plane wave components contribute linearly to the amplitude of the fiber modes propagating toward a photodetector. Therefore, in the SNOM imaging of the waveguide modes, especially those with large effective indexes, even weak scattered optical fields caused by material inhomogeneities and fabrication defects can contribute to the detected signal. This contribution being coherent and most strong from the optical fields with small wave vector projections results in an interference pattern superimposed on the image formed by a waveguide mode. Such an interference pattern is somewhat irregular due to different contributing plane wave components, exhibiting the interference fringes corresponding to the optical field with zero wave vector projection ͑propagating away from the surface͒ i.e., to the homogeneous coherent background.
In the case of the PCW oriented along the x axis, the field probed by the SNOM above the sample surface and along the PCW can be approximated as follows: lar to the sample surface ͑z =0͒ pointing to the air side, B represents a homogeneous background, k 0 =2 / is the wave number in air, u m 0 is the amplitude of the main electric field component of the PCW mode having the propagation constant ␤ , ⌳ is the PC lattice constant, and it is assumed that all Bloch components are evanescent. Each of the field components described in Eq. ͑1͒ contribute to the fiber mode amplitude ͑which is actually detected͒, though the coupling efficiency decreases with the increase of the wave vector surface projection ͉␤ + mK͉. 16, 20 One reason is that the effective detecting center of a SNOM probe fiber is situated at some distance inside the fiber ͑up to 500 nm͒, so that the evanescent fields are always probed at a nonzero distance from the surface. 22 This consideration can be generalized for the case of two PCW modes having the propagation constants ␤ 1 and ␤ 2 . 17 In this case, the dominating signal harmonics would be those with spatial frequencies ␤ 1 , ␤ 2 , K − ␤ 1 , and K − ␤ 2 . The occurrence of several PCW modes might be caused by excitation of different depth modes of the input ridge waveguide. One can also expect that some of the PCW modes would be actually index-guided modes.
We investigate in detail the light propagation in the PCW of sample N1 for both polarizations. The typical spatial frequency spectrum of the optical signal variations along the PCW is shown ͑for TE polarization͒ in Fig. 9͑a͒ for the light wavelength of 1510 nm. The spectrum features several peaks that can be assigned, in agreement with the arguments given above, to the spatial frequencies of two PCW modes with the propagation constants ␤ 1 and ␤ 2 . The lattice constant 428 nm of this PC was obtained from images made by a calibrated scanning electron microscope. The PCW mode propagation constants ␤ 1 and ␤ 2 were fitted to the experimental spectrum so that the frequencies K − ␤ 1 and K − ␤ 2 would also fit to the corresponding peaks as shown in Fig. 9͑a͒ . It is seen that the spectrum structure, being well defined at low spatial frequencies, is more complicated at high spatial frequencies. Such a structure might be related to the reflected PCW modes by the PCW-ridge waveguide interface and/or the output edge of the sample. Comparing current observations with the results of our previous work 16, 17 we conjecture that the mode with ␤ 1 is the main ͑true͒ PCW mode. The mode with ␤ 2 is the most probably only index guided and excited due the multimode light propagation in the input ridge waveguide. The above fitting procedure was carried out for other wavelengths ͑for both polarizations͒ resulting in the wavelength dependence of the PCW mode propagation constant ␤ 1 ͓Fig. 9͑b͔͒. We can further identify the following reasons of uncertainty in the determination of mode propagation constants: the fact that the background contribution consists of many propagating field components with small but not zero wave vector projections on the surface plane, and a finite length of the corresponding cross sections ͑ϳ25 m in this case͒. Nevertheless, the results obtained indicate that the propagation constant of the PCW mode varies faster than that of free propagating light in air, for example ͑for TE polarization͒, when the ratio ⌳ / varies from 0.28 to 0.29 the ratio ⌳ / PCW changes from 0.33 to 0.41 ͓see Fig. 9͑b͔͒ . Such dispersion is actually expected for the PCW mode in silicon-on-insulator PBG structures. 23 Considering the wavelength dependence of the propagation constant determined from the corresponding spatial spectrums, we calculated the phase and group velocities for TM-polarized and TEpolarized PCW modes in the wavelength range of 1500-1610 nm. The results obtained were normalized with respect to the speed of light in vacuum and plotted in Fig. 10 . It is clearly seen that the group velocity rapidly decreases, reaching the values of ϳ0.11c at Х 1610 nm for TM polarization and ϳ0.035c at Х 1522 nm for TE polarization, as the wavelength increases towards the PBG edge ͓Figs. 10͑a͒ and 10͑b͒, respectively͔. At the same time, the phase velocity does increase though relatively slow so that the PCW mode constant becomes closer to the light line in air for longer wavelengths. It should be mentioned that this behavior of the group velocity is in agreement with the results reported recently. 24 In the referred experiment, the group velocity being equal to one-twentieth the speed of light in vacuum was observed at a frequency near the edge of the waveguide mode for time-domain measurements of picosecond lightpulse propagation in a 2D PCW.
In order to understand the underlying physics of what we observed, the theoretical TE/TM band structure diagrams were calculated for the PCW by directly solving timedependent Maxwell equations with the three-dimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ method. 25 The calculated dispersion curves are rather complicated ͑Fig. 11͒, but they are basically reflecting two main guiding mechanisms: the PBG guiding ͑for TE polarization͒ ͓Fig. 11͑a͔͒ that leads near the PBG edge to significant changes in the propagation constant with the light wavelength ͓Figs. 9͑b͒ and 11͑a͔͒ and the refractive-index guiding ͑for TM polarization͒ ͓Fig. 11͑b͔͒. From the TM-band diagram, it is clearly seen that there is no PBG for TM polarization, a circumstance that reveals pure effective-refractive-index guiding of TM mode ͑similar to the conventional dielectric waveguiding͒. This feature accounts for broadband transmission of TM polarization that affected weakly ͑if at all͒ by the PBG structure. Note also that the calculated TM ͑TE͒ dispersion curve occupies a very large ͑small͒ frequency interval below the light line that is also in agreement with the results obtained from SNOM images ͓e.g., Fig. 9͑b͔͒ .
IV. CONCLUSIONS
Using the collection SNOM, we have imaged the propagation of light at telecommunication wavelengths along straight PCWs ͑with different filling factors͒, which were formed by removing a single row of holes in the triangular 428-nm-period lattice. High quality SNOM images of these waveguides excited in the wavelength range 1500-1630 nm have been obtained and used to characterize the PBG structures studied. Using the near-field optical images we have directly investigated the light propagation along PCWs for TE and TM polarizations. The efficient guiding ͑for both samples͒ of the TM-polarized radiation was observed in the whole range of laser tunability. At the same time, for TE polarization, the efficient guiding was limited to the wavelengths shorter than 1552 or 1570 nm for the PCW with the filling factor of 0.76 or 0.82, respectively. For longer wavelengths, we have observed drastic and rapid deterioration of the waveguiding and PCW mode confinement, ending up with the complete disappearance of the PCW mode once the wavelength exceeded the cutoff value by merely 2 nm. Such a critical wavelength dependence of the PCW guiding ͑for TE polarization͒ is, in our opinion, a clear evidence of the well-defined PBG effect in the structure. We have also found that long-wavelength PBG edge shifted towards longer wavelengths with the increase of the filling factor, emphasizing thereby the fact that the filling factor is an important design parameter for PCWs. Using averaged cross sections of the intensity distributions along the PCW axis, the propagation loss has been evaluated and found to be in good agreement with the corresponding transmission spectra. We have also discussed several delicate issues that should be borne in mind when conducting the PCW characterization using the conventional approach of measuring the transmission spectra. Finally, considering spatial frequency spectra of the intensity variations along the PCW axis, we determine ͑for both polarizations͒ the dispersion of the PCW mode propagation constant and, thereby, the mode group and phase velocities. Our results indicate that the group velocity decreases rapidly when the wavelength approaches the longwavelength PBG edge, reaching the values of ϳ0.11c ͑for TM polarization͒ and ϳ0.035c ͑for TE polarization͒ as the wavelength approaches to ϳ1610 and 1522 nm, correspondingly. The experimentally established large dispersion and significant reduction in the group velocity ͑directly related to the tight confinement and strong Bragg scattering in the PCW͒ were also corroborated with the theoretical dispersion curves calculated with the 3D FDTD method. The results presented in this work have not only corroborated the already reported findings, e.g., regarding the decrease in the PCW mode group velocity near the PBG edge, 24, 26 but also demonstrated the alternative method of determination of the PCW group velocity, which is a very important characteristic of the PCW mode ͑also from point of view of potential applications in optical delay lines͒. We believe that the reported results can help in designing further, more detailed and accurate, SNOM investigations of PCWs as well as in avoiding pitfalls when applying the conventional characterization techniques. The accurate PCW characterization is particularly important since rigorous calculations of the properties of PCW components are extremely difficult and time consuming. Finally, we believe that the SNOM imaging can be used not only to quantitatively characterize properties of fabricated PCWs and PC structures ͑mode content, dispersion, insertion loss, and identification of loss channels͒ and thereby optimize their performance, but also to elucidate physical mechanisms in various intriguing scattering phenomena occurring in PCs.
